tion domain ABSTRACT. A thymic epithelial cell line Mm2Twas cultured in a mediumcontaining a high concentration (100 jug/ml) of methylated vitamin B12 (CH3-B12). After 19 days, cells were found to have a flat phenotype, to have lost the floating cells which were observed in the control cells at the con fluent stage, and to have acquired a resistance to trypsin. However, treatment of the CH3-Bi2-treated cells with EDTAresulted in a dissociation of cell-to-cell contact and reaggregation was achieved by addition of Ca2+ , indicating the involvement of Ca2+ ion in cell-to-cell contact. Electron microscopic analyses revealed that the CH3-Bi2-treated cells were nearly square in their vertical section, which was in contrast to the dome-shaped feature of the control cells, and their cell-tocell contact area was significantly widespread, as compared to those of the control, indicating that Mm2T cells acquires an adhesive property by treatment with CH3-B12. Biochemical analyses of both cells indicated that the concentration of glucosylceramide in the CH3-Bi2-treated cells was higher than that of the control. Free glucose characteristically inhibited the reattachment of cells dissociated with EDTA, suggesting the involvement of glucose in the cell-to-cell adhesion of CH3-B12-treated cells. In addition, WGA-binding glycoconjugates were intensely observed in the boundary region of CH3-Bi2-treated cells by immunohistochemical staining, but not in that of the control cells. It is suggested that CH3-Bi2may affect the morphological alteration of Mm2T by enhancing cell adhesion through elevated expression of the C-type lectin. Katsuta and Takaoka (41) from the thymic epithelial cells of the Indian muntjac, whose somatic cells uniquely contain 6 chromosomes and have an unlimited proliferative potential without change of chromosome number. In a series of experiments to characterize the cells, they examined the effects of several additives and found that cellular morphology was altered in the presence of methylated vitamin B12 (CH3-Bi2). About 6 months after the addition of CH3-B12 at a concentration of 3 //g/ml, the following morphological changes were observed under a phase-contrast microscope: although the original Mm2Tcells were round, a majority of Mm2Tcells cul-1 To whomcorrespondence should be addressed.
Mm2Tis a cell line established in 1977 by
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tured in the presence of CH3-Bi2 looked rather flat, and floating cells, which were observed in large number particularly at the con fluent stage of original cells, were scarcely found in CH3-B12-treated cells. Vitamin B12 has been used clinically as a drug to counteract pernicious anemia. The etiology of CH3-B12defi-ciency was explained mainly by the tetrahydrofolatetrap hypothesis (9, 10, 21, 27) , in which a mechanism of the action was thought to interrupt folate utilization, but the metabolism for the enlargement of the erythroblast is not fully explained by this hypothesis. Its deficiency also has been knownto cause the destruction of myelin sheaths and axons in the peripheral nerve due to diminished transmethylation from methionin (16, 18, 19) , though the metabolic background reading to the severe clinical symptoms has not been clarified at present. In this paper, we report that CH3-B12contributes to the enhancement of the intercellular adhesive property of cultured cells, which might give a clue for resolving the functional role of vitamin Bi2.
MATERIALS AND METHODS
Cell culture.
The Mm2T culture was maintained in DM160medium (Kyokuto Co., Tokyo) containing 2% fetal bovine serum, 100 /*g/ml kanamycin (Meiji Co., Tokyo), and 1.0 mg/ml NaHCO3. A clonal cell line from Mm2Twas established by limiting dilution after dispersion of the cells with trypsin and by verifying it to be single cell origin. CH3-B12
(Methycobal, Eisai Pharmaceutical Co., Tokyo) at a concentration of 100 fjtg/m\ was added to the mediumalong with the sameadditives as above and maintained continuously in a medium containing 10^g/ml of CH3-B12 after morphological alteration had taken place. Subculture of both kinds of cells was performed at 9 or 10 days after inoculation, by detaching the cells with a scraper and seeding them at a density of approximately 1 x 105 cells/ml. Culture mediumwas changed the day after seeding and every three days thereafter.
To examine the effects of Ca2+ on the cellular morphology, two 6.0 cm culture plates each of control and CH3-Bi2-treated cultures in the states of overconfluence were prepared. One plate was washed with EDTA-Hanks' buffer (Ca2+-free
Hanks' saline containing 10 mMN-2-hydroxyethylpiperazine (HEPES) and 0.6 mMethylenediamine tetraacetic acid (EDTA)), and the other was washed with Ca2+-Hanks' buffer (Hank's saline containing 10 mMHEPES and 1.8 mMCaCl2 (2) (Bio-Rad's Protein Assay Dye Reagents) with bovine serum albumin as the standard. After lyophilizing the homogenates and determining the dry weight, the crude lipids were extracted from the dried sam- . The trimethylsilyl cholesterol and cholestane were separated by gasliquid chromatography (GLC) on 3% OV-101 on Chrolite at 250°C and the peak area of cholesterol was measured with an electric integrator (R-CIA, Shimadzu Co., Kyoto). The concentration of lipid-bound phosphorus in the extracts was determined by the method of Bartlett (3) after oxidation with 10% HCIO4and H2O2. The phospholipid composition was measured densitometrically after separating the phospholipids by thin-layer chromatography (TLC) with chloroformmethanol-water, 65:35:8 and visualizing the individual spots with cupric acetate-phosphoric acid reagent. The density of the spots was measured at 420 nm. By the same procedure, the amount of ceramide was determined after development of a TLC plate with chloroform-methanol-acetic acid, 95:1:5. On the other hand, to separate neutral and acidic glycolipids, the extracts were applied to a column packed with 5 ml of DEAESephadex A-25 (acetate form, Pharmacia Fine Chemicals, Uppsala), eluted with 3 volumes of chloroform-methanol, 1:1, 1 volume of methanol, and 5 volumes of 0.3 M sodium acetate in methanol. The neutral lipid fraction was eluted with chloro-form-methanol, 1 : 1 , and the methanol was evaporated to dryness; then the neutral glycosphingolipids were isolated by acetylation, fractionation by Florisil column chromatography and deacetylation (39). The acidic glycosphingolipids were prepared from the acidic lipid fraction, eluted with 0.3 M sodium acetate in methanol by saponification with 0.5 Msodium hydroxide in methanol and dialysis. The concentration of glycolipids was examined by TLCdensitometry after development with chloroform-methanol-water of 65:35:8 for the neutral glycosphingolipids and of 55:45:10 for the acidic glycosphingolipids. Orcinol-H2SO4 reagent was used for the detection of glycosphingolipids;
the analytical wavelength for densitometry was set at 420 nm. In addition, analysis of the carbohydrate residue of ceramide monohexoside from the CH3-Bi2-treated cells was carried out as follows. The neutral glycosphingolipids were developed on a TLC plate with chloroform-methanol-water, 65:35:8, and the area corresponding to ceramide monohexoside was scraped from the plate. The glycolipid was extracted from silica gel with chloroform-methanol, 1:1, and methanolyzed with 0.75 M methanolic HC1 at 100°C for 3 hrs. After removal of the fatty acid methyl esters with n-hexane, the carbohydrate composition was determined by GLC on 3% OV-101 as the trimethylsilyl derivatives of methylglycosides.
Histochemical Staining with FITC-conjugated Wheat Germ Agglutinin. FITC-conjugated wheat germ agglutinin (WGA) was purchased from E-Y Labs. Inc., CA. Control and CH3-Bi2-treated cultures grown on the dishes (3.5 cm) to the overconfluent state were treated with 0.5% Triton X-100 in 50 mM Tris-HCl, pH 7.2, with 0.1 mMphenylmethyl sulphonylfluoride at 4°C for 30 min, and then cells were fixed with 3.5% paraformaldehyde at 4°C overnight. After removal of the fixing solution, they were soaked in FITC-conjugated WGAdiluted with PBS (50 fig/ml) at 4°C for 20min. Then the cells were washed four times with PBS, sealed with glycerine and observed with a fluorescence microscope (Zeiss) at the excitation wavelength of 610 nm.
RESULTS
Morphological
Difference between the Control Mm2T and CH3-B12-Treated Mm2TCells. When 100 /ig/ml CH3-B12 was added to the control Mm2Tcells cloned by the limiting dilution, cells of flat phenotype were observed at day 19 in all 5 cultures examined. However, the control cells which were subcultured at the same time in the mediumwithout CH3-B12showed no morphological alteration. The control cells were, as far as observed by phase-contrast microscope, composed of round cells (Fig. 1, a) , and after reaching the con fluent stage, they continued to proliferate by floating into the medium. When the floating Mm2Tcells in the control culture were subcultured, they attached to the plate, proliferated, and then began to float at the con fluent stage, indicating that the floating cells were viable and retained the samecharacteristics as those attached to the dish. In contrast, CH3-B12-treated cells were rather flat (Fig. 1, b ) and proliferated to reduce their occupied space without producing the floating cells at the con fluent stage. The floating cells were readily washed out by pipetting and the number was counted as shown in Fig. 2 .
Those in the control cells increased exponentially after confluence, while those in the CH3-Bi2treated cells were negligible.
Upon trypsin treatment, almost all the control cells were liberated from the plate by incubation for 5 min, but prolonged incubation was required for liberation of the CH3-B12-treated cells (Fig. 3a) . The trypsin-resistant property of the CH3-B12-treated cells was observed at the same time as the appearance of morphological alteration and maintained thereafter (Fig. 3b) . TEMof the vertical section indicated a distinct morphological difference between the control and CH3-Bi2-treated cells. The cell-to-cell contact of CH3-Bi2-treated cells was achieved with wide and close adhesion (Fig.  4b ) and several desmosome-like structures were observed in the adhesion area (Fig. 4c) . In contrast to the hemispherical shape for the apical surface of the control (Fig. 4a) , that of the CH3-B12-treated cells was flat (Fig. 4b) , supporting the observation with phase-contrast microscope (Fig. lb) . In addition, although the control cells were shownto adhere to neighboring cells in rather loose junction (Fig. 5a ), the CH3-B12-treated cells exhibited tightly interdigitating cell-to-cell adhesion by SEM (Fig. 5b) .
Involvement of Calcium Ion in Intercellular
Adhesion. Whenthe CH3-B12-treated cells at the con fluent stage were washed with Ca2+-free and EDTA-containing buffer, their cellular morphology was significantly altered due to the disappearance of intercellular adhesion site (Fig. 1, c pied the cell suspension of control cells prepared either with Ca2+-or EDTA-Hanks' buffer, 90% of the suspension of CH3-B12-treated cells with Ca2+-Hanks' buffer formed clots, including particularly large clots composed of probably more than 100 cells, which were scarcely dissociated into single cells by pipetting (Fig.  6 ). However, 60% in the CH3-B12-treated cell suspension was present as single cells by treatment with EDTA-Hank's buffer. When the CH3-B12-treated cell suspension with EDTA-Hanks' buffer was incubated by replacement of the solution to Ca2+-Hanks' buffer, cellto-cell adhesion was restored as shown in Fig. 6 , indicating the involvement of Ca2+ ion in the cell-to-cell adhesion.
Histochemical Staining with FITC-conjugated WGA of the Control and CH3-B12-treated Mm2TCells. FITC-conjugated WGA,which binds to N-acetylglucosamine and N-acetylneuraminic acid residues in glycoconjugates, was used to detect glycoconjugates in the plasma membrane. As shown in Fig. 7 , the cell-to-cell adhesive region of the CH3-B12-treated cells was clearly stained with FITC-conjugated WGA,but that of the control cells was not stained, indicating the presence of glycoconjugates containing the WGA-recognizablecarbohydrate chain in the intercellular adhesive region of the CH3-B12-treated cells.
Difference in Lipid Composition between Control
Mm2Tand CH3-B12-Treated Mm2TCells. The lipid compositions of the control and CH3-B12-treated cells are summarized in Table I . Although the concentrations of protein, free fatty acids, cholesterol, cholesterol ester, phospholipids and GM3-ganglioside did not significantly differ between the two, those of triglyceride, ceramides and ceramide monohexoside in the CH3-Bi2-treated culture were 2.30, 2.32 and 8.33 times higher than those in the control cells, respectively. In particular, amongthe lipids, the concentration of ceramide monohexoside in the CH3-B12-treated cells was considerably higher than that in the control, which contained it in trace amount (Fig. 8) . Analysis of the carbohydrate moiety of the ceramide monohexoside by GLCrevealed that glucose was the sole carbohydrate, indicating that the ceramide monohexosideis glucosylceramide. Effects of Free Carbohydrates on Cell-to-Cell Adhesion ofCH3-B12-treatedMm2T Cells. As shown above, since glucosylceramide was contained in the cell surface of CH3-B12-treated cells in the exceedingly higher concentration than that in the control cells, the involvement of glucose in cellular adhesion was estimated by inhibition experiment with free carbohydrates of cellto-cell adhesion of the CH3-Bi2-treated cells dispersed with EDTA-Hanks' buffer according to the method of Rosen et al. (37) . As shown in Fig. 9 , cellular adhesion was recovered by incubation in 50 mMgalactose-or mannose-containing Ca2+-Hanks' buffer, but a 50 mM glucose-containing Ca2+-Hanks' buffer significantly inhibited the re-adhesion of the dispersed cells to a similar extent in EDTA-Hanks' buffer, suggesting that the cellto-cell adhesion is mediated by glucose. Weconfirmed that most of the cells were viable after carbohydrate treatments by dye exclusion test with erythrosin. DISCUSSION Mm2Tcells, which were derived from the thymic epithelial cells of the Indian muntjac, were of a round phenotype and had the property to grow by floating after reaching the con fluent stage. On the other hand, as reported in this paper, culture in the mediumcontaining CH3-B12 was found to induce a distinct morphological alteration. The cells cultured with 100 /ig/ml CH3-Bi2 were of a flat phenotype and continued to proliferate on the dish even after confluence to narrow their occupied space. The morphological alteration and the loss of floating phenomenon observed in the CH3-Bi2-treated cells were considered to be the result of enhancement of the cell-to-cell adhesive property by electron microscopic observation. In contrast to the hemispherical structure of the vertical section and rather small area of the cell-to-cell contact region for the control Mm2Tcells, the CH3-B12-treated cells had a square shape with flat apical surface and the region between cells was considerably larger than that of the control. In addition, the desmosome-likestructures were well developed in the cellto-cell contact region of the CH3-B12-treated cells, probably imparting the properties of resistance to trypsin and of clot formation after dispersion with a scraper. These characteristics led us to examine the involvement of cell adhesion molecules, which fall primarily into three different families (12 The cell-to-cell adhesion of CH3-B12-treated cells was readily dissociated in EDTA-containing buffer, but not in Ca2+-containing buffer, to form a single cell suspension, indicating that the cellular adhesion of CH3-Bi2-treated cells is mediated with Ca2+ ion and that inclusion of Ca2+-dependent adhesion molecules such as cadherins, which are widely expressed in the epithelial cells (42, 43, 46, 50, 51) , is involved in the binding. as sialylated glycolipids for E-selectin (17) and sulfolipids for P-selectin (25), glycosylceramide has been regarded a candidate mediating the adhesion of CH3-Bi2-treated cells by its glucose moiety. In fact, the Ca2+ ionmediated reaggregation was characteristically inhibited with glucose, but not with galactose and mannose, indicating the involvement of glucose in cellular adhe- sion. By the same inhibition study with free carbohydrate, the participation of carbohydrates in cell adhesion has been evidenced in various cells (4, 6, 22, 23, 25, 28-31, 36, 38, 40, 45) and in the process of differentiation (1, 2) , and lectins with the carbohydrate recognition domain have been characterized as cell adhesion molecules (ll, 12-14, 37 Ca2+ and glucose, CH3-Bi2-treated cells were suggested to express a C-type selectin, though it was unclear whether a single adhesion molecule carried both Ca2+-and glucose-dependent binding site. Weattempted to characterize C-type selectins with their antibodies, but was unable to detect them, probably due to no crossreaction with proteins of deer-derived cells. To isolate the proteins binding with glucosylceramide in a Ca2+ dependent manner, we are now trying to prepare an affinity column with glucosylceramide as the ligand. In a separate experiment, we found that the cell-tocell adhesion area in CH3-Bi2-treated cells were particularly well stained with FITC-conjugated WGAhaving an affinity with N-acetylglucosamine and N-acetylneuraminic acid. Since WGA is known to not bind to glucosylceramide, the other glycoconjugates with oligosac- charides for WGA were shown to concentrate in the adhesion area of CH3-B12-treated cells, but not in the control Mm2Tcells. Since CH3-Bi2-treated cells developed the desmosomal structure in their boundary region and WGAhad a high affinity with the desmosome (8), the cell-to cell adhesion area of CH3-Bi2-treated cells seemed to be constructed with WGA-bindingglycoconjugates. In fact, in our preliminary experiment, several glycoproteins were detectable in the insoluble protein fraction of the CH3-B12-treated cells by SDS-PAGE and Western-blotting with WGA,leading us to speculate that some of them were responsible for cell-to-cell binding.
The reason why CH3-Bi2 induces or selects cells with adhesive properties is obscure at present, because the pharmacological effects of CH3-B12 have been dissolved only partly. In the transmethylation reaction, B12 plays the role of an acceptor for the methyl group of N5-methyltetrahydrofolate from CH3-BJ2, whose methyl group is then used for the synthesis of methionine. S-adenosylmethionine produced by methionine and ATPis used as a methyl donor for various anabolic reactions, for choline (7), creatin (32) and so on. Also, CH3-B12 is directly used as a methyl donor in DNAmethylation at specific sequences of DNA,so called "fine tuning DNAmethylation", and is different from the methylation reaction CH3-B12-treated cells dissociated by EDTA-Hanks' buffer and then incubated in the Ca2+-Hanks' buffer without carbohydrates (a), with 50mMglucose (b), 50mMgalactose (c) and 50mMmannose (d).
Numbersof samples and method for evaluation were the same as those in Fig. 6 .
with S-adenosylmethionine (16, 18, 26, 34) . It is plausible to assume that continuous exposure of the cells to high concentrations of CH3-Bi2affects to the above metabolic pathways, particularly the methylation of DNA at the replication level, and might enhance the synthesis of molecules involved in cellular adhesion. Applying the subtraction cloning technique of mRNA between the control Mm2Tand CH3-B12-treated cells should resolve the above hypothesis. Our finding on the enhancement of the adhesive property with CH3-B12 should give new insights into the functional significance of CH3-Bi2.
